Wnt/Wg genes play a critical role in the development of various organisms. For example, the Wnt/β-catenin signal promotes heart formation and cardiomyocyte differentiation in mice. Previous studies have shown that "regulator of G protein signaling 19" (RGS19), which has Gα subunits with GTPase activity, inhibits the Wnt/β-catenin signal through inactivation of Gαo. In the present study, the effects of RGS19 on mouse cardiac development were observed. In P19 teratocarcinoma cells with RGS19 overexpression, RGS19 inhibited cardiomyocyte differentiation by blocking the Wnt signal. Additionally, several genes targeted by Wnt were down-regulated. For the in vivo study, we generated RGS19 over-expressing transgenic (RGS19 TG) mice. In these transgenic mice, septal defects and thinwalled ventricles were observed during the embryonic phase of development, and the expression of cardiogenesis-related genes, BMP4 and Mef2C, was significantly reduced. RGS19 TG mice showed increased expression levels of BNP and β-MHC, which are markers of heart failure, increase of cell proliferation. And ECG analysis shows abnormal ventricle repolarization. These data provide in vitro and in vivo evidence that RGS19 influenced cardiac development and had negative effects on heart function.
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The mammalian regulator of G protein signaling (RGS) family consists of more than 20 members (1). RGS proteins have been grouped into subfamilies (RZ, R4, R7, R12, and RA) based on sequence conservation in the RGS domain (2) . RGS proteins possess GTPase functions and interact with GTP-Gα subunits to limit their lifespan and terminate downstream signaling (2, 3) . RGS19, one of the firstdiscovered RGS members, is a small protein with 216 residues (mouse). RGS19 interacts selectively with α subunits of most inhibitory G proteins (Gαi, Gαq) and enhances their GTPase activity (4) . Wnt/Wg genes, which are related to the wingless genes in Drosophila, encode a number of secreted proteins that play critical roles in the development of various organisms, via cell fate and patterning (5) . During early embryogenesis, Wnt signaling is essential for primitive streak formation and mesoderm induction. Later, the Wnt signal is necessary for patterning of the anterior-posterior body plan, trunk/tail development, and specification of posterior mesodermal fates. However, Wnt inhibition is required in head formation (6, 7) .
Heterotrimeric G-proteins are necessary to the Wnt/β-catenin pathway (8) . Gαo and Gαq are required for Wnt-stimulated target gene activation. During the inactivation stage, the GDP-Gα subunit complexes with the Gβ-Gγ dimer. G-proteins activated by the G proteincoupled receptor (GPCR) are exchanged for GTP by the Gα subunit, and dissociation of the Gβ-Gγ dimer occurs (9) . Both the GTP-Gα subunits and the free Gβ-Gγ dimers activate downstream signaling molecules.
In canonical Wnt/β-catenin pathway, cytosolic levels of β-catenin are regulated by a protein complex that includes glycogen synthase kinase 3β (GSK-3β), Axin, and APC (10) . Within the complex, β-catenin is phosphorylated and targeted for degradation by the proteasome pathway in unstimulated cells (11) . In stimulated cells, Wnt binds to the Frizzled (Fz) family receptors and activates an associated downstream component, Dishevelled, which leads to inactivation of GSK-3β, thereby stabilizing β-catenin. Accumulated β-catenin in the cytosol enters the nucleus, thereby leading to the interaction with TCF/LEF transcription factors, and transcription of Wnt-responsive genes.
Presently, there is contradictory evidence regarding the role of Wnt signaling in heart formation and cardiomyocyte differentiation, depending on the model organism used. In chick and Xenopus, the Wnt/β-catenin signal inhibits cardiac development, because expression of Wnt inhibitors in the tissues adjacent to cardiac mesoderm is necessary for cardiogenesis (12, 13) . In contrast, the Wnt/β-catenin signal promotes heart formation in Drosophila (14) , and induces cardiomyocyte differentiation in a mouse embryonic carcinoma cell line, P19CL6 (15) . Thus, Wnt/β-catenin signaling inhibits cardiogenesis in chick and Xenopus, whereas it enhances cardiogenesis in Drosophila and a mouse teratocarcinoma cell line.
In previous study, RGS19 inhibits Gαo subunit activation by the Wnt signal. Expression of RGS19 attenuates Dvl phosphorylation, β-catenin accumulation, and Wnt-responsive gene transcription and blocks Wnt-induced differentiation of mouse F9 teratocarcinoma cells by inactivation of Gαo. However, the knockdown of RGS19 expression also suppresses the Wnt signal (16) .
In the present study, we examined the potential mechanisms involved in attenuating Wnt signaling during cardiac muscle differentiation. Transgenic mice that over-expressed RGS19 were produced to elucidate the role of RGS19 mouse cardiac development. Cardiomyocyte differentiation in vitro and analysis of cardiac development and ventricle repolarization in mice were performed to examine the roles of RGS19.
EXPERIMENTAL PROCEDURES
Plasmid Construct-The murine RGS19 gene was amplified from mouse embryo RNA. An EcoRI, BamHI fragment containing the full length of the mouse RGS19 cDNA was cloned into the pEGFP-N1 vector driven by the CMV promoter. This expression cassette was prepared by digesting the recombinant vector with DraIII for transfection or microinjection. Plasmid DNA was purified using a midi-prep kit (QIAGEN, Valencia, CA, USA).
Cell Culture, Differentiation and TransfectionCells were grown on 10-cm dishes in α-modified essential medium (α-MEM) (Invitrogen. Carlsbad. CA. USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen), penicillin, and streptomycin. The subculture was a ratio of 1:10 every 2-3 days and freshly replaced every 3 days. For the Wnt3a treatment experiment, recombinant mouse Wnt3a proteins were purchased from R&D systems (Minneapolis, MN USA). Cells (5.0 × 10 5 ) were seeded in a culture dish and Wnt3a protein was added to the culture medium at a concentration of 100 ng/ml. After 24 h, cells were harvested for RNA extraction. To induce differentiation, cells were seeded in a 1:40 dilution with α-MEM, 10% FBS and 1% dimethyl sulfoxide (DMSO) into bacterial-grade petri dishes for 4 days, after which the aggregates were gently plated back onto tissue culture dishes in growth media. For each experiment, cardiomyocyte differentiation was verified in the control cultures as spontaneous beating, starting at 9~10 days.
Cells were transfected using Lipofectamine TM 2000 (Invitrogen) and a stable cell line was maintained in a medium containing 400 μg/ml geneticin (Invitrogen). A day before transfection, 5 × 10 5 of the P19 cells were plated in 2 ml of a medium/well. For each well, 5 μl of Lipofectamine reagent was mixed with 2㎍ of the RGS19 vector in serum-free Opti-MEM®(invitrogen) to allow the DNALipofectamine reagent complexes to form. The complexes were added to each well and mixed by gently rocking the plate back and forth. After 12 h, the cells were incubated in a CO 2 incubator at 37°C for 24 h in α-MEM supplemented with 10% FBS. To establish stable P19 cell lines, cells were selected in a medium containing 800 μg/ml geneticin (Invitrogen).
(Invitrogen) and treated with DNase I, amplification grade, at a concentration of 1 unit/mg RNA. The first strand of cDNA synthesis was performed using an RT-PCR kit (Promega, Madison, WI, USA) with 1 μg of total RNA. Reverse transcription was performed in the presence of an oligo (dT) primer with avian myeloblastosis virus (AMV) reverse transcriptase. The reaction was incubated at 70°C for 10 min and then at 42°C for 60 min. Following 42°C incubation, the AMV reverse transcriptase was denatured at 95°C for 5 min and stored at -20°C until use. Taq DNA Polymerase (Takara. Tokyo. Japan) was used to perform with 32 cycles of PCR: 94 °C for 30 sec, 57-64 °C for 30 sec, and 72 °C for 30 sec. The amount of first strand reaction added to the PCR was titrated for each set of primers (Table 1) . GAPDH forward 5' -AATGCATCCTGCA CCACCAA -3' reverse 5' -GTAGCCATATT CATTGTCATA -3' ; cycling profile: 94 °C for 30 sec; 57 °C for 30 sec; 72 °C for 30 sec, 28 cycles.
Western Blot-To detect β-catenin, phospho-β-catenin, phospho-AKT and RGS19 (Abcam. Cambridge. CA. USA), AKT (Cell Signaling Technology, Beverly, USA), P19 cells were stimulated with 100 ng/ml of Wnt3a for 24 h. Cells were washed twice with PBS and cell lysates were prepared in a lysis buffer. As a loading control, whole-cell lysates were blotted with anti-β-actin antibody. In RGS19 TG mice, β-catenin, phospho-AKT (Abcam) and RGS19 were observed to regulate Wnt signaling. C57BL6 mice were used as a control.
Immunocytochemistry-Cells were seeded onto glass coverslips and cultured with DMSO for 12 or 15 days. Immunostaining for cardiac TroponinT (cTnT), α-Myosin heavy chain (α-MHC) was performed using fluorescein isothiocyanate-conjugated rabbit polyclonal antibody. Cells were fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100 for 5 min. To detect cTnT, cTnT Ab was used (Santa Cruz. Santa Cruz. CA. USA) Also, α-MHC Ab was used (Abcam). Nuclei were counterstained with 4', 6-diamidino-2-phenylindole.
Generation and Screening of Transgenic Mice-
A diagram illustrating the DNA cassette used to generate TG mice is shown in Fig. 4 . The murine RGS19 gene was amplified from the mouse embryo RNA by a PCR with two pairs of primers encompassing the open reading frame region. The forward primer had an EcoRI site, and the reverse primer has a BamHI site for cloning. The resulting PCR product was cloned into the pEGFP-N1 vector to generate the pRGS19 construct, which was verified by sequencing. Plasmid DNA for microinjection was purified using the plasmid midi-prep kit (Qiagen). The expression cassette was prepared by digesting the recombinant vector DNA with DraIII. RGS19 transgenic (RGS19 TG) mice were generated using a standard procedure (17) . All mice were raised and kept under specific pathogen-free conditions. Genomic DNA was extracted from biopsied offspring tails, and the RGS19 transgene was identified by PCR followed by 1% agarose gel electrophoresis. The primers used were, forward 5' -CGTGTACGGTGGGAGGTCTA -3' and reverse 5' -TGGTGCAGATGAACTTCAGG -3'. Amplification was carried out with a thermal cycler (Takara) applying the following cycles: 94 °C for 30 sec; 57 °C for 30 sec: 72 °C for 30 sec, 30 cycles. The PCR products (970 bp) were identified by electrophoresis in 1% agarose gel.
Proliferation & Apoptosis Assay-We examined isolated hearts from postnatal and 12-week-old mice to check for cell proliferation and apoptosis. For cell proliferation, Ki67 antibody was used to detect the M phase in the cell cycle. A terminal deoxynucleotidyl transferase dUTP mick end labeling (TUNEL) assay was used to identify double-stranded DNA fragmentation, and characteristics of DNA degradation by apoptosis. The TUNEL assay was performed using an in situ apoptosis detection kit (Trevigen, Gaithersburg, USA).
Hematoxylin & Eosin Staining-Cardiac muscle section were excised from normal and RGS19 TG mice hearts, fixed in 10% neutral buffered formalin for 1 day, and embedded in paraffin. The paraffin-embedded tissues were cut into 7 μm sections and mounted on glass slides. The slides were deparaffinized and incubated in a graded series of alcohol before the staining procedure. The sectioned heart samples were stained with H & E and then examined under a light microscope.
Electrocardiogram Recording-Mice were anesthetized with avertin (10 g of tribromoethanol alcohol 10 ml of tert-amyl alcohol stored at 4 °C as a stock solution). After complete induction of anesthesia, a three-lead electrocardiogram was taken. The leads were placed on the right foreleg, left foreleg, and left hind leg. The data were recorded for analysis using chart and scope software. To reduce tissue damage, the electrode was kept on the tissue for < less than 1 or 2 min and repositioned at approximately the same location when subsequent recordings were necessary.
Statistical Analyses-Results are expressed as means ±SEM from at least three independent experiments. Groups were compared by ANOVA. Statistical significance was set at P < 0.05.
RESULTS
Stable Cell Line Establishment-After transfection into P19 cells, cells were treated with 800 μg/ml geneticin for selection. Colonies formed after 10 days and were transferred to 96-well plates. Among 150 colonies, five were sorted by genomic PCR (Fig. 1A) . One colony was determined to have the highest expression levels and was therefore selected among those sorted. The mRNA expression level of RGS19 in RGS19 over-expression stable cells was highly expressed, compared with the control cell (Fig. 1B) . Also, protein of RGS19 was increased (Fig. 1C) .
Cardiac Muscle Differentiation
In Vitro-A differentiation test on cardiomyocytes was performed using P19 cells. During the early stages of differentiation, expression changes in Brachyury T, a mesoderm early marker, were not visible. After 3 days of differentiation, Wnt3a expression in RGS19 over-expressing cells was not remarkably different than in control cells. However, measurements of GATA4 and BMP4, which are expressed during the middle stages of differentiation and are regulated by Wnt signaling, confirmed that expression was inhibited. Additionally, Pax3 expression was delayed versus the control. During the late stages of differentiation, MyoD1 and Myogenin expression were noticeably decreased ( Fig. 2A) . These results indicated that RGS19 over-expression inhibited cardiomyocyte differentiation. Expression patterns of differentiation-related genes were observed to determine how many cells are involved in heart function and which genes are related to contraction. Specifically, expression levels of the α-MHC and cTnT genes were quantified. We found that α-MHC and cTnT expression was noticeably inhibited (Fig. 2D) . These results indicate that contraction was inhibited.
Using immunocytochemistry, Expression of α-MHC, cTnT was detected and confirmed within 12 days after differentiation was completed. RGS19 over-expressing cells showed decreased cTnT expression levels, compared with the controls (Fig. 2B) . And α-MHC expression levels decreased in RGS19 over-expressing cells, compared with the controls (Fig. 2C) .
Regulation of Wnt-β-catenin Signal by RGS19
Over-Expression-In the preceding experiment, RGS19 was confirmed to inhibit cardiomyocyte differentiation.
We hypothesized that differentiation was blocked due to Wnt signal inhibition by RGS19, consistent with previous reports (16) . When cells were treated with Wnt3a for 24 h, RGS19 should have inhibited Wnt signaling. Inactivation of β-catenin demonstrated that RGS19 over-expression induced phosphorylation of β -catenin Ser33, 37 residues as compared to Wnt3a treatment of control cells. Moreover, phosphorylation of the AKT Thr308 residue, which is the active form, was reduced by RGS19 over-expression as compared to Wnt3a treatment of control cells (Fig. 3A) . Expression levels of Wnt downstream signals, such as Dkk1, Axin, and c-Myc, which are regulated by Wnt, were examined. When treated with Wnt3a, Dkk1 and Axin expression levels decreased significantly compared to the control ( Fig. 3B ; *P < 0.05, ***P < 0.001). Additionally, the expression of c-Myc, a transcription factor, also decreased significantly compared to the controls ( Fig. 3B ; **P < 0.01). These data suggest that the Wnt signal was blocked during RGS19 inhibition of cardiomyocyte differentiation.
Generation of Transgenic Mice-To generate RGS19 over-expressing transgenic (TG) mice, plasmids for transgene expression throughout the whole body were constructed. The CMV promoter was used to drive expression of the transgene (Fig. 4) . The transgene construct was microinjected into mouse embryos. To identify transgenic mice, total genomic DNA was extracted from the biopsied tail of founder candidates and PCR screening using specific primers was performed. As a result, two mouse lines were confirmed as transgenic (Fig. 4) . When each founder mouse was mated with nontransgenic mice, all pups were able to produce offspring and the transgene was inherited.
Cardiac Development during Embryonic
Stages-RGS19 transgenic (RGS19 TG) mice gave birth to 5-8 offspring, compared with the wild-type mice, which produced 9-11 offspring. When the embryonic stage was examined between 13.5 and 16.5 days, it was noted that 10-12 embryos at 13.5 days survived. However, at 16.5 days only 5-8 embryos were alive. Histological analysis of these RGS19 TG mice revealed abnormal ventricular development, including ventricular septal defect, a thin ventricular wall, and ventricular noncompaction ( Fig. 5A-E) . Expression of numerous regulators of cardiogenesis, including BMP4 and Mef2C, were down-regulated in RGS19 TG mice ( Fig. 5F ; *P < 0.05).
Morphology and Cell Proliferation of Heart in Postnatal
Mice-RGS19 TG mice were examined after birth. To determine whether RGS19 TG mice possessed affected cardiac morphology, hearts were stained with hematoxylin and eosin (H&E) during the early postnatal days and in 12-week-old female mice. Some littermates of the RGS19 TG mice died immediately after birth. Severe defects were observed (Fig. 6C, D) , compared to wild-type (WT) mice (Fig. 6A) . Some littermates of the RGS19 TG mice survived with only mild defects, such as decreased ventricular wall thickness (Fig. 6B) . Expressed Ki67 cells decreased in the RGS19 TG mice as compared to WT mice 0-2 days old. Thus, cell proliferation decreased, but not apoptosis (data not shown).
Defect and Molecular Alteration of Heart in
Transgenic mice-In 12-week-old female mice, the ventricular wall was thinner in RGS19 TG mice compared to WT mice (Fig. 7B) , as determined by transverse section, compared to wild-type mice (Fig. 7A) . Based on the crosssectional area of the left ventricle, cardiomyocyte size decreased in the hearts of RGS19 TG mice (Fig. 7D) . These conditioned mice appeared at a level of 23.5% (RGS19 TG offspring 8/34). Inactivation of β-catenin was induced in RGS19 TG mice in contrast to WT mice. Also, phosphorylation of AKT was elevated in RGS19 TG mice as compared to WT mice (Fig. 7E) . The numbers of expressed cells of Ki67 increased in the RGS19 TG as compared to WT in 12-week-old mice. Thus cell proliferation increased (Fig. 7F) , but not apoptosis (data not shown). mRNA levels of BNP and β-MHC genes, pathological markers of heart failure, were significantly elevated in RGS19 TG mice ( Fig. 7G ; *P < 0.05), but that of ANP genes was not.
Electrocardiogram Analysis in Transgenic
Mice-Electrocardiogram (ECG) analysis was performed to examine heart function. In this experiment, three female mice were used. ECGs are shown separately (Fig. 8A) . The RR, QT and QRS intervals of transgenic female mice were increased, compared with wild-type female mice ( Fig. 8B ; *P < 0.05, **P < 0.01). These data showed that RGS19 affected heart function in TG mice.
DISCUSSION

This study demonstrates that the overexpression of RGS19 by P19 cells inhibited cardiomyocyte differentiation in vitro.
Furthermore, the genes regulated by Wnt3a in an RGS19 over-expressing cell line decreased, compared to control cells. Without treatment with Wnt3a, the cell line over-exprssing RGS19 showed increased expression of Dkk1 and Axin as compared to controls. Two factors are well known negative regulators in the canonical Wnt pathway (18, 19) . These results suggest that the increase in Dkk1 and Axin by over-expression of RGS19 may inhibit the canonical Wnt pathway. Moreover, activation of AKT and β-catenin, well-known positive factors, was inhibited. This regulation also blocked the canonical Wnt pathway and inhibited cardiomyocyte differentiation.
In the case of RGS19 TG mice, morphologic cardiac abnormalities (ventricle wall thinning and ventricle septal defects) were present in the embryo.
Expression of genes during cardiogenesis was also down regulated. Moreover, adult mice demonstrated ventricular wall thinning, alteration of cell proliferation and abnormal ventricle repolarization. An inactivated form of β-catenin was induced. As discussed earlier, the Wnt/β-catenin signal is important in cardiac development. In the most recent studies, gains and losses of β-catenin function have been analyzed in knock-out or knock-in mouse models. In gain of function models, abnormal phenotypes appear to have enlarged second heart field derivatives, due to enhanced proliferation of the second heart field (20), disrupted heart tube formation (21), a shortened right ventricle, and density of thr outflow-tract myocardium (22) . In loss of function models, various abnormal phenotypes with defects in second heart field proliferation (20) , the outflow tract, the right ventricle (22, 23) , endocardial cushion formation (24), coronary artery formation (25) , and multiple heart formation have been observed (26) . In our results, RGS19 TG mice exhibited ventricular wall thinning and ventricular septal defects, finding similar to those observed in β-catenin deletion mice. Furthermore, β-catenin was recently reported to regulates cardiac hypertrophy (27, 28) . Thus, RGS19 may affect cardiac hypertrophy in TG mice.
BMP4, a secretion factor involved in cardiac development, was blocked by RGS19 expression. In the present study, the loss of BMP4 expression resulted in cushion remodeling and ventricular septal defects (29) . Our results showed that expression of BMP4 decreased during heart development and the same cardiac development defects were detected in RGS19 TG mice. This suggests that RGS19 regulates the expression of BMP4 and that this regulation affects embryonic cardiac development.
In the differentiation method for this study in vitro, P19 cells generally differentiated into cardiomyocytes or skeletal muscle. So we examined to only differentiated into cardiomyocyte (30) . Activation of the Wnt/β-catenin signaling pathway is an early stage in cardiomyocyte differentiation of pluripotent P19 cells, as measured by Wnt3a. Wnt/β-catenin signals are essential for in vitro cardiomyocyte differentiation of mouse P19 cells, a teratocarcinoma-derived pluripotent cell line (15, 31) .
Inactivation of β-catenin demonstrated th same in vivo and in vitro expression, but activation of AKT resulted in different patterns environmental and regulatory factors vary between in vivo and in vitro models.
In our study, activation of AKT was induced in RGS19 TG mice in contrast to WT mice. In this case, activation of AKT may confirm a role of compensation in heart defects. For example, cardiac hypertrophy research shows that the AKT signal is activated (32, 33) . Moreover, cardimyocyte proliferation is detected in hypertrophy. Our results showed that cell proliferation increased when heart defects were detected in 12-week-old mice suggesting that heart defects resulting from RGS19 overexpression may be compensated by activation of the AKT signal. Thus, our results showed that the activation of AKT was induced in RGS19 TG mice.
In RGS19 TG mice constructed using the cytomegalovirus (CMV) promoter, a previous study demonstrated various levels of expression in different tissues. This study showed that RGS19 is expressed in the heart. In a subsequent study, because CMV promoter activity and expression levels differ, we checked the expression levels of RGS19 in different cell types and organs, and at different developmental stages.
In further studies, because the Wnt signal pathway regulates the development and function of various organ systems, we need to search for its effect on other organs. In previous studies, deletion of β-catenin led to changes in osteoblastogenesis and chondrogenesis (34, 35) , impaired differentiation of neuromuscular junctions, abnormal midbrain and cerebellum structures in the central nervous system (36, 37) , abnormal lens morphology in the eye (38) , impaired hematopoietic stem cell self-renewal (39) , and defects in hepatoblast expansion and maturation in the liver (40) . In addition to the systems mentioned, Wnt signaling plays a major role in many organs (41) (42) (43) . Moreover, the effects of RGS19 down-regulation or knock-out need to be investigated in the Wnt signal.
In summary, RGS19 negatively affects and plays an important role in cardiac development and function. 
